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Background. Marrow stromal fibroblasts (MSFs) are
known to contain bone precursor cells. However, the
osteogenic potential of human MSF's has been poorly
characterized. The aim of this study was to compare
the osteogenic capacity of mouse and human MSFs
after implantation in vivo.

Methods. After in vitro expansion, MSFs were loaded
into a number of different vehicles and transplanted
subcutaneously into immunodeficient mice.

Results. Mouse MSFs transplanted within gelatin,
polyvinyl sponges, and collagen matrices all formed a
capsule of cortical-like bone surrounding a cavity with
active hematopoiesis. In transplants of MSF's from trans-
genic mice harboring type I procollagen-chlorampheni-
col acetyltransferase constructs, chloramphenicol
acetyltransferase activity was maintained for up to 14
weeks, indicating prolonged bone formation by trans-
planted MSF's. New bone formation by human MSF's was
more dependent on both the in vitro expansion condi-
tions and transplantation vehicles. Within gelatin, wo-
ven bone was observed sporadically and only after cul-
ture in the presence of dexamethasone and L-ascorbic
acid phosphate magnesium salt n-hydrate. Consistent
bone formation by human MSFs was achieved only
within vehicles containing hydroxyapatite/tricalcium
phosphate ceramics (HA/TCP) in the form of blocks,
powder, and HA/TCP powder-type I bovine fibrillar col-
lagen strips, and bone was maintained for at least 19
weeks. Cells of the new bone were positive for human
osteonectin showing their donor origin. HA/TCP pow-
der, the HA/TCP powder-type I bovine fibrillar collagen
strips, and HA/TCP powder held together with fibrin
were easier to load and supported more extensive osteo-
genesis than HA/TCP blocks and thus may be more ap-
plicable for therapeutic use.
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Conclusions. In this article, we describe the differ-
ences in the requirements for mouse and human MSFs
to form bone, and report the development of a meth-
odology for the consistent in vivo generation of exten-
sive bone from human MSFs.

Bone marrow fragments or cell suspensions of mouse, rat,
guinea pig, rabbit, porcine, and canine origin form osteogenic
tissue when transplanted into heterotopic sites in vivo. In
closed systems, such as diffusion chambers, bone marrow
constituents form bone, or bone and cartilage, depending on
the size of the chamber. In an open system, such as under the
kidney capsule where neovascularization can occur, bone
ossicles surround a hematopoietic marrow, which results in
the formation of a bone marrow organ (I-6). Bone marrow
organs are characterized by the property of self-maintenance,
that is, they provide physiological support to the hematopoi-
etic tissue localized within them, and remain vital for the
lifetime of the recipient animal (2, 7). In contrast, bone in-
duced by either transitional epithelium of urinary bladder or
demineralized bone matrix is not self-maintained in hetero-
topic sites without the continuous presence of an inducer (8,
9).

Marrow stromal fibroblasts (MSFs*) become the predomi-
nant adherent cell type when bone marrow is cultured in
vitro (10-12). In cultures generated from single-cell suspen-
sions of marrow, MSF's grow in colonies, each derived from a
single precursor cell called the colony-forming unit-fibroblast
(13-15). In addition to their fibroblast-like morphology,
MSF's share a variety of fibroblastic features, but lack the
basic characteristics of endothelial cells and macrophages
(16-19). After extended culture, MSFs of mouse, rat, guinea
pig, and rabbit origin have been reported to maintain the
ability to form at least five types of connective tissue in
transplantation systems. These tissues include bone, carti-
lage, fibrous tissue, adipose tissue, and hematopoiesis-sup-
porting reticular stroma (I, 12, 15, 20-24). Thus, MSF pop-
ulations contain pluripotent stromal stem cells that are
capable of proliferation, renewal, and differentiation into
several phenotypes (12). These stromal stem cells give rise to
lineages distinct from that of hematopoietic stem cells (13,

* Abbreviations: «MEM, a-modified minimum essential medium;
AscP, L-ascorbic acid phosphate magnesium salt n-hydrate; CAT,
chloramphenicol acetyltransferase; DBM, human demineralized
bone matrix; Dex, dexamethasone; FBS, fetal bovine serum; HA’
TCP, hydroxyapatite/tricalcium phosphate ceramics; HBSS, Hanks'
balance salt solution; MSF, marrow stromal fibroblast.
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25, 26). More mature osteoblastic cells isolated from rodent
bone, such as calvariae, lose the stem cell properties of MSFs
and lack the ability to form bone when transplanted after
long-term culture. After short-term culture, they form bone,
but not a bone marrow organ or cartilage (27, 28).

The osteogenic potential of human bone cells has also been
studied using several experimental models. Primary bone
cells derived from children occasionally form bone and carti-
lage, but do not support hematopoiesis after intramuscular
transplantation into cortisone-pretreated mice (29). When
primary bone cells are transplanted within diffusion cham-
bers, bone formation can be achieved after cultivation in the
presence of osteogenic inducers, but not after cultivation
without them (30, 31). It has been recently reported that
when viable fragments of human bone are transplanted into
scid mice pretreated with radiation, osteoblasts survive and
deposit new bone upon the preexisting bone fragments (32).

In contrast to rodent marrow cells, the osteogenic potential
of human bone marrow cells is less well characterized. Pre-
vious reports indicate that when adult human marrow cells
are transplanted in diffusion chambers, only unmineralized
fibrous tissue is formed; however, marrow cells from young
children occasionally develop osteogenic tissue (33). Like hu-
man bone cells, human MSF's have been reported to show no
signs of osteogenesis in diffusion chambers transplanted in-
traperitoneally into nude mice (10, 31, 34), unless they had
been cultured in the presence of osteogenic inducers (31). To
date, there have been only two reports of bone formation in
vivo by adult human cells of marrow origin (31, 34).

In this study, we have compared the osteogenic potential of
mouse and human MSF's and further characterized the abil-
ity of different vehicles to support osteogenesis. Both mouse
and human MSFs maintain their osteogenic potential after
several passages in vitro. However, different in vitro culture
conditions and transplant vehicles were found to be required
by mouse and human MSFs in order to maintain and display
their osteogenic capacities.

MATERIALS AND METHODS

Preparation of bone marrow and spleen cell suspensions. Eight- to
14-week-old transgenic mice carrying procollagen type I-chloram-
phenicol acetyltransferase (CAT) constructs (35) or nontransgenic
control C57BL/6 mice were used to derive mouse MSFs. Bone mar-
row from the femoral, tibial, and humeral medullary cavities was
flushed with a-modified minimum essential medium («MEM: Life
Technologies, Grand Island, NY). For comparative purposes, cells
from mouse spleens were prepared by dissecting the spleen paren-
chyma and mincing the tissue. All procedures were performed in
accordance to specifications of an approved small animal protocol
(114-93).

Normal human bone fragments were obtained from the femoral
neck or ileum of patients ranging from 5 to 11 years of age (two boys
and eight girls; mean age, 8.5 years) undergoing corrective surgery
under institutional review board-approved procedures. Fragments of
trabecular bone with red marrow were scraped with a steel blade
into aMEM and pipetted repeatedly to release the marrow cells.
Bone marrow aspirates from the iliac crests of healthy volunteers
(seven men and six women, 25-53 years old; mean age, 38.7 years)
were collected with informed consent, using local anesthesia. All
human samples were collected in accordance with National Insti-
tutes of Health regulations governing the use of human subjects
under protocol D-0188. Aspirates were placed in ice-cold «tMEM with
100 U/ml sodium heparin (Fisher Scientific, Fair Lawn, NJ) and
centrifuged at 1000 rpm for 10 min; the cell pellet was resuspended
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in fresh aMEM. All preparations were pipetted repeatedly to break
up cell aggregates. Subsequently, marrow and spleen cell suspen-
sions were passed consecutively through 16- and 20-gauge needles
before culture.

Fibroblast cell cultures. Human foreskin fibroblasts were cul-
tured in Dulbecco’s modified Eagle’'s medium (Life Technologies)
containing 2 mM glutamine, 50 ug/ml streptomycin, 50 U/ml peni-
cillin, and 10% fetal bovine serum (FBS; HyClone, Logan, UT). The
cells were isolated and kindly provided by Mark DeNichilo and were
used at the third cell passage.

High-density bone marrow and spleen cell cultures. Cells were
plated at the following densities: for mouse marrow, the entire mar-
row content of six bones (two femora, two tibiae, two humeri), which
contained 6-8%107 nucleated cells; for mouse spleen, 10-20x107
nucleated cells; for human surgical specimens, 5X10° to 5x107 nu-
cleated cells; for human aspirates, 5x10° to 20x10” nucleated cells
per flask. Cells were cultured in 75-cm? culture flasks (Becton Dick-
inson, Franklin Lakes, NJ) in 30 ml of growth medium, which was
composed of «MEM, 2 mM glutamine, 100 U/ml penicillin, 100 mg/ml
streptomycin sulfate (Biofluids, Rockville, MD), and 20% of prese-
lected FBS (Life Technologies, or Atlanta Biological, Norcross, GA).
Cells were cultured at 37°C in an atmosphere of 100% humidity and
5% COy. Where indicated, MSFs were cultured in growth medium
supplemented with 107® M dexamethasone (Dex; Sigma, St. Louis,
MO) and 10™* M L-ascorbic acid phosphate magnesium salt n-hy-
drate (AscP; Wako, Osaka, Japan). Medium was replaced on day 1
for human aspirate cultures and on days 7 and 14 for all cultures, if
not passaged by day 14.

The resulting adherent mouse cells were harvested using the
following protocol: (1) two washes with Hanks’ balanced salt solution
(HBSS; Life Technologies); (2) incubation with chondroitinase ABC
120 mU/ml; Seikaguku Corp., Tokyo, Japan) in «MEM for 25 to 85
min at 37°C; (3) one wash with HBSS; (4) incubation with 1x trypsin-
EDTA (Life Technologies) for 25 to 30 min at room temperature; (55)
a second incubation with trypsin-EDTA for 25 to 30 min at 37°C; and
16) a final wash with growth medium. Steps 2 and 3 were omitted for
passages greater than two. Human adherent cells were washed twice
with HBSS and were treated with two consecutive applications of
trypsin-EDTA for 10 to 15 min each at room temperature, followed
by a wash with growth medium. Cold serum was added to the cells,
and the portions were combined, vigorously pipetted, centrifuged,
and resuspended in a fresh growth medium. The passaged cells were
plated at 2x10° cells per 75-cm? flask. Some human cells were
cryopreserved in a freezing medium consisting of «MEM (44%), FBS
150%), penicillin (100 U/ml), streptomycin sulfate (100 mg/ml), and
dimethyl sulfoxide (5%; Sigma) and were stored in liquid nitrogen.
After 1-15 months, the cells were thawed, plated, and passaged once
or twice before transplantation.

Morphological and cytochemical analyses were performed on the
marrow stromal cell populations before transplantation. Mouse cells
from the 2nd and 10th passage, and human cells from the 3rd and
5th passage, were plated into two-well chamber slides (VWR Scien-
tific, West Chester, PA) at 5X10* cells/well. After 24 hr, the presence
of a-naphthyl acetate esterase and acid phosphatase (Sigma kits
91-A and 387-A, respectively) was determined. The number of posi-
tive and negative cells for both enzymes was determined by counting
at least 200 cells in each of five different regions of the slides. In
parallel experiments, the same cell populations were analyzed by
flow cytometry using forward scatter versus side scatter with a
FACScan (Becton Dickinson, Mansfield, MA).

Loading cells into the transplantation vehicles. Mouse MSF's (pas-
sages 1-10, 3.0-8.5x10° cells), mouse spleen cells (passages 2-3,
4-5x10° cells), human MSFs (passages 2—4, 1.5-16.0x10° cells),
and human foreskin fibroblasts (passage 3, 3x10° cells) were loaded
into the vehicles. After centrifugation at 1000 rpm for 10 min, the cell
pellets were resuspended in 30-100 ul of growth medium. The fol-
lowing primary transplantation vehicles were loaded with cells: gel-
atin (Gelfoam, Upjohn, Kalamazoo, MI); polyvinyl sponges; porous
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collagen matrices (American Biomaterials Corp., Princeton, NJ):
poly(L-lactic acid) (Zimmer, Warsaw, IN), human demineralized bone
matrix (DBM), particles 100—200 mm, to coarse, 1-4 mm (LifeNet
Transplant Services, Virginia Beach, VA); hydroxyapatite/tricalcium
phosphate ceramics (HA/TCP), blocks or powder; and HA/TCP pow-
der-type I bovine fibrillar collagen strips (Collagraft strips, Zimmer.
Approximate volumes of the vehicles used for transplantation, as
well as methods of loading the vehicles with cells, are described in
Table 1. Cells were loaded into HA/TCP blocks by a slight vacuum
suction. The cell suspension was placed dropwise onto a block, and
fluid was drawn through the block by touching the opposite side of
the block with a Pasteur pipette connected to a vacuum pump.

A secondary vehicle was used in some experiments to organize
HA/TCP or fine DBM powder particles with cells attached to them.
Particles bearing cells were loaded into gelatin as described above.
Alternatively, vehicle particles with adherent cells were bound to-
gether in collagen gels or fibrin clots (0.3-0.5 ml volume). The
collagen gel was prepared according to manufacturer’s (Zimmer
recommendations. The fibrin clots were prepared from mouse fibrin-
ogen complex (American Red Cross, Rockville, MD, kindly provided
by Dr. R. Ebert).

Transplantation procedures. Vehicles loaded with MSFs, mouse
spleen fibroblasts, human foreskin fibroblasts, or empty vehicles
were transplanted into mouse recipients. Three different strains of
immunodeficient mice (8- to 15-week-old females) were used as sub-
cutaneous transplant recipients (NIH-bg-nu-xidBr [beige], C.B.-17
IerCrl-scidBr [scid], and C.B.-17/IcrCrl-scid-bgBr [scid/beige]), since
the strain of mouse can potentially influence allogenic bone forma-
tion. Operations were performed under anesthesia achieved by in-
traperitoneal injection of 2.5% tribromoethanol (Sigma) at 0.018 ml/g
body weight. Midlongitudinal skin incisions of about 1 ¢cm in length
were made on the dorsal surface of each mouse, and subcutaneous
pockets were formed by blunt dissection. A single transplant was
placed into each pocket, with up to four transplants per animal. The
incisions were closed with surgical staples.

Fixation and histological examination of the transplants. The
transplants were recovered at various time points between 2 and 19
weeks after transplantation and were fixed and partially decalcified
for 2 days in Bouin’s solution (Sigma). The transplants were then
transferred to 70% ethanol until they were embedded in paraffin.
After sectioning, sections were deparaffinized, hydrated, and stained
with hematoxylin and eosin.

Immunostaining for human osteonectin. Immunohistochemical
localization of human osteonectin was performed in human MSF
transplants to identify the origin of the osteogenic tissue. After
deparaffinization and rehydration, the sections were incubated in
0.13% pepsin and 0.01 N HCI for 1 hr at 37°C to reactivate the
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antigenicity of osteonectin. Indirect immunohistochemistry was car-
ried out using rabbit anti-human osteonectin antibody (1:100) as the
primary antibody (36). Goat anti-rabbit IgG antibody (1:200, Kirkeg-
aard and Perry Laboratories, Gaithersburg, MD) was used as sec-
ondary antibody. Mouse vertebral bone and femoral bone of human
fetus were used for negative and positive controls, respectively. As
another negative control, the primary antibody was substituted for
normal rabbit serum (Vector Laboratories, Burlingame, CA).

Assay of mouse hematopoietic colony-forming cells. Mouse MSF
transplants in gelatin sponges containing hematopoietic cells were
harvested for their mononuclear cells. Cells were plated in duplicate
at 1x10° cells/1 ml of murine methylcellulose medium (Terry Fox
Laboratories, Vancouver, British Columbia, Canada) supplemented
with 5% spleen-conditioned medium, 3 U/ml human erythropoetin,
50 ng/ml human interleukin 6, and 100 ng/ml rat stem cell factor
(Amgen Inc., Thousand Oaks, CA). Colonies were counted at day 14.

Measurement of CAT activity. Transplants formed by mouse
MSF's prepared from transgenic mice harboring ColCAT constructs
were rinsed twice in HBSS and placed in 100 ul of extraction buffer
(0.25 M Tris-HCI [pH 7.8] and 0.5% Triton X-100). Three consecutive
freeze/thaw cycles (freezing on dry ice and thawing at 37°C for 1 min)
were performed. The extracts were incubated at 65°C for 15 min to
inactivate endogenous acetylase activity. CAT activity was quanti-
tated by a fluor-diffusion assay using [*Hlacetyl coenzyme A (200
mCi/mmol; New England Nuclear, Boston, MA) at 0.1 uCi per assay.
Cell extracts were overlaid with 5 ml of water-immiscible scintilla-
tion cocktail (Econofluor II, New England Nuclear). The samples
were incubated at room temperature and aliquots were counted
hourly. CAT activity was represented as the linear regression slope
of the data plotted as cpm of product produced versus time of incu-
bation and is expressed as cpm/transplant.

Low-density human marrow cell cultures. Because high-density
cultures cannot be used to accurately determine the effect of culture
conditions on MSF colony-forming efficiency or the rate of prolifera-
tion, low-density cultures were established to study the effect of Dex
and AscP. Marrow single-cell suspensions were prepared from hu-
man surgical specimens by passing cells through needles of decreas-
ing diameter (16, 20, and 23 gauges) and subsequently filtering cells
through a cell strainer 2350 (Becton Dickinson, Franklin Lakes. NJ)
to eliminate cell aggregates. Nucleated cells were plated at a density
of 2x10* cells/em?. Two types of low-density cultures were used. In
total cultures, the entire population (adherent and nonadherent) of
plated marrow cells was left undisturbed until the time of harvest.
To produce cultures of adherent cells only, cells were incubated for
2.5 hr at 37°C. Subsequently, unattached cells were aspirated, and
cultures were washed vigorously four times with Dulbecco’s modified
Eagle’s medium (Biofluids). The total and adherent cultures were

TABLE 1. Loading of MSFs into the transplantation vehicles®

Vehicle Vehicle dimensions

Method of loading vehicles with cells

Loading results

50-100-mm?
cube blocks

Gelatin, polyvinyl sponge, and
HA/TCP powder-bovine
collagen strip

Vehicles were wetted with growth
medium, dried briefly between filter
paper, and immediately placed into a

>90% cells were
incorporated into the
vehicle

dense cell suspension (volume was
slightly less than the volume of the
vehicle); cells were taken up as the
vehicle expanded

30-50-mm?
square sheets

Collagen matrices and
poly(L-lactic acid)

DBM 25 mg of powder

HA/TCP powder 40 mg of powder

HA/TCP block 20-30-mm?
disks

Powder was washed in medium, mixed
with cell suspensions, and incubated
with rotation

Cells were pumped into the disks by a
slight vacuum suction

>80% cells were
incorporated into the
vehicle

Not determined

@ Vehicles with cells were incubated at 37°C ti)r 40 to 90 min beforiertransplantation.
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used to determine whether Dex and AscP directly affected the ad-
herent stromal population or whether the effect was mediated
through the nonadherent population. Cells were cultured in the
presence or absence of Dex and AscP. Half of the cultures were fixed
on day 12 with methanol and stained with methyl violet (Sigma).
MSF colonies composed of at least 50 cells were counted using a
dissecting microscope, and colony-forming efficiency (number of col-
onies per 1x10° marrow cells plated) was determined. On day 14, the
remaining cultures were washed twice with HBSS and harvested
with trypsin-EDTA, and cell numbers were determined (Coulter
Electronics, Hialeah, FL). Analysis of variance was performed and
posttest comparison was completed using the Bonferroni multiple
comparison test.

RESULTS

Marrow cell cultures. In high-density cultures of mouse
and human marrow cells, the adherent cells reached conflu-
ence within 12 to 14 days. In mouse cultures, several mor-
phological cell types were evident within the complex multi-
layered population, including fibroblast-like cells, fat cells,
macrophages, and hematopoietic cells. After two passages,
most cells exhibited a fibroblastic morphology consisting of a
large flattened cytoplasm and a large oval nucleus with
prominent nucleoli. These cells made up about 89% of the
total adherent cell population. Using a FACScan with for-
ward scatter to reflect the cell size, these cells had a relative
forward scatter of 300—600 (Table 2). Cells in this fraction
showed no detectable levels of a-naphthyl acetate esterase
and acid phosphatase activity, which suggests that they rep-
resented MSF's (17, 18, 37, 38). The remaining cells showed
high levels of a-naphthyl acetate esterase and acid phos-
phatase activity (Table 2). This smaller size fraction had a
relative forward scatter of 50—-200. These cells were round,
bipolar, or stellate shaped and thus likely represented a
mixture of macrophages and endothelial cells (18, 37). The
percentage of these cells decreased with progressive passages
(Table 2).

The human marrow primary cultures developed as dis-
crete MSF colonies with varying morphology. The presence of
cell types other than MSFs was substantially lower in the
human cultures than in the mouse cultures, and no active
hematopoiesis was evident. After three or five passages, ad-
herent human marrow cells consisted of a nearly pure pop-
ulation of MSF's (Table 2).

Confirmation of donor origin and bone specificity of trans-
plants. To confirm the origin of the cells associated with new
bone formation, and to follow the fate of the transplanted
mouse MSFs, MSFs were isolated from transgenic mice car-
rying type I procollagen reporter genes (ColCAT). ColCATS.6,
ColCAT2.3, and ColCAT1.7 contain 3520, 2296, and 1667 bp
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of the rat COL1A1 promoter, respectively (35). In both Col-
CAT3.6 and ColCAT2.3 transgenic mice, tissues expressing
high levels of type I procollagen, such as bone, tendon, and
teeth, exhibit high levels of the CAT reporter gene activity,
whereas such tissues from ColCAT1.7 mice have undetect-
able levels of CAT activity. Thus, DNA elements between
—2.3 and —1.7 kb are required for COL1A1 promoter expres-
sion in bone (39). When primary bone cells are isolated from
transgenic calvariae and cultured in vitro, ColCAT3.6 cells
retain promoter activity, whereas activity from ColCAT2.3 is
lost, which suggests that the state of differentiation or the
microenvironment of the osteoblastic cells determines which
region of the promoter is utilized (40). Using the transgenic
mouse MSFs as a model of osteogenesis, we followed the fate
of MSFs by measuring CAT activity. MSFs from the trans-
genic mice formed bone in vivo, and both ColCAT3.6 and
ColCAT2.3 displayed CAT activity that could be measured in
the newly formed bone within gelatin sponges, polyvinyl
sponges, and HA/TCP blocks. Using the procedures described
in the Materials and Methods, we determined that CAT ac-
tivity in 28-day transplants was 6761.7+1301.8 cpm and
2491.7+336.7 cpm per transplant for ColCAT3.6 and Col-
CAT2.3, respectively. These findings contrast with the ob-
served promoter activity in primary cultures of MSF's, where
CAT activity from both ColCAT3.6 and ColCAT2.3 was less
that 35 cmp/hr/ug protein. This provides evidence that trans-
genic-derived MSF's: (1) populate the vehicle, (2) differentiate
in vivo, and (3) reconstitute the activity of the 3.6-kb and
2.3-kb collagen I promoters.

As shown in Figure 1, anti-human osteonectin antibodies
reacted with bone cells within the human MSF transplants.
Intense immunostaining was found in both osteoblasts and
osteocytes of the new bone, whereas no immunoreactivity
above background levels was seen in the tissues surrounding
the transplants. Thus, the osteogenic tissue formed by hu-
man MSF transplants was of human origin and was not
formed by induced mouse cells.

Mouse MSF transplants. The sequence of events that
takes place in heterotopic transplants of rodent bone marrow
has been described in detail elsewhere (2, 41) and so will not
be described here. In the present study, our aim was to
compare the osteogenic potential of in vitro expanded mouse
and human MSFs in different vehicles. The ability of differ-
ent vehicles to support bone formation by mouse and human
MSFs is summarized in Table 3.

Mouse MSF transplants in gelatin sponges formed new
bone as early as 2 weeks after transplantation. The newly
formed bone marrow organ consisted of a cortical-like struc-
ture surrounding an area of active hematopoiesis. The bone

TABLE 2. Characterization of cultured MSFs®

Source of MSFs Passage a-Naphthyl Acid phosphatase Smaller-size fraction®
acetate esterase
Mouse 2 11.01+0.40 11.03+1.58 11.95
Mouse 10 4.77*0.64 5.86*0.76 2.92
Human 3 1.21+0.49 1.36+0.40 2.00
Human 5 1.55%0.36 0.97*0.55 5.27

? MSF's were assayed for a-naphthyl acetate esterase and acid phosphatase activity, and were size fractionated by FACScan to analyze the

heterogeneity within the MSF cultures.

® Relative forward scatter of 50-200 as measured by FACScan, versus 300-600 for MSFs. The data represent the percent of smaller-size
cells or the mean percent of cells positive for the respective enzymes = SEM.
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exhibited lacunae containing osteoeytes as well as osteohlas-
tic layers on both the inner and outer surfaces. [aolated
ostenclasts were occasionally found adjacent to the bone.

o b w 1
ek Y|

Fuzure 1. Confirmation of human origin of bone frrmed by transplants
of human MSFe: (A) immunehistochermical staiming in & transplant of
humen MSFs in the HATCP powder-type 1 bovine fbrillar collagen
mixture recovered at 8 weeks afler transplantation using antibodies
raised against human osteonecting (B) immunostaining with nonim-
mune rabbit antiserum: (C) immunostaining of mouse vartehral horne
with anti-human sateonectin antibodies | 165,

Transplantation vehicle
Primary wehicle Beeondary vehicle

Gelatin
Polyvinyl sponge

Collagen matrix

HATCP block

Palyi - lactic acid)

DBEM

DBM

DBM

HATCP powder

HATCFP powder

HATCP powder

HATCP powder

HATCP powder-bovine collagen strip

Celatin
Fibrin elot

Gelatin
Fibrin elot
Collagen gel
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Inside the bony capsule, between bone trabeculae and por-
tions of vehicle undergoing resorption, bone marrow tissue,
which included blood vessels and sinuses, reticular and fat
stroma, and hematopoietic cells of all lineages and stages of
maturation, was observed. With continued growth, the bone
capsule became thicker and the hematopoietic tissue more
abundant 1Fig. 2, A and B). No signs of degeneration were
ohserved in the heterotopic bone marrow organs for at least
14 weeks after transplantation. In four separate transplants
recovered after 44 days, smears of the hematopoietic ele-
ments showed normal maturation with megakarvocytes,
Methyeelluloze ecultures counted at day 14 revesled
179.6=15.0 colonies/10® cells. These colony numbers are
equivalent to those seen when plating mononuclear eells
from skeletal murine marrow under the same conditions.

Tranzplants of mouse MSFs in polyvinyl sponges and col-
lagen matrices were similar in appearance to transplants in
gelatin sponges. These transplants consisted of a thin tap-
sule of cortical bone surrounding a cavity with bone trabec-
ulae, vehicle remnants, blood vessels, fat cells, and hemato-
poietic tissue (Fig. 3, A and B}, However, the thickness of the
cortices, as well as the level of hematopoiesis, was not as
pronounced az in gelatin vehicles.

Two weeks after transplantation of mouse MSFs in HA/
TCF blocks, newly formed bone was observed in vehicle pores
at the periphery of the transplants. Most of the internal peres
contained fibrous tissue and vascular structures. After 410 5
weeks, many pores were filled with woven bone, which was
deposited against the vehicle walls. New bone showed osteo-
cytes embedded within the matrix, and a prominent odteo-
blastic layer was evident on luminal surfaces (Fig. 4. After 6
to 10 weeks, transplants showed areas of vehicle resorption
and bone remodeling. The bone trabeculae began to merge on
the periphery of the tranzplants, forming an incomplete Bony
capsule. Larger pores were layered with lamellar-like bone
surrounding reticular and fat stroma with abundant hema-
topoetic tissue,

No obvious correlations were ohserved between the rate or
the extent of bone formation and the number of transplanted
MSFs iranging from 3.0 to 8.5 10° cells per gelatin vehicle).
However, no attempt was made to determine the lowest mtio

Soarce of MSFs
wowe  Jomn e
21583 S/28 L]
*5 3 ND
X2 ND NI
1iv 11} 13714 33
w2 w2
w3 ND
1) L]
W15 ND
13/15 110
24 2
1212 ND
G ND
20023 10710

* Values represent the number of transplants with new bone formation per total aumbser of transplants. M_SFs were cultured in gr;u.-qh
medium in the presence or absence of Dex and AscP. ND. not determined.




Ficuie 2. Bone formation by mouse MSFs transplanted within =
gelatin sponge. The transplant was harvested at 14 weeks, New bone
shows a cortical-like bone eapsule (C) surreunding a bone marrow
cavity (M) containing hematopoietic tissue (hpl, fat cells (f), and
trabecular bone (Th The arrowheads indicate embedded oEteocytes
A: hematoxylin and eosin, *582.5; B: hematoxvlin and eosin, = 1651,

of cells to vehicle needed for osteogenesis in this study, MSFs
from in vitro passages 1-10 were capable of bone formation
In one experiment, MSFs from the 13th passage ceased to
proliferate in vitro and failed to form bone in vivo. The
presence of Dex and AseP in the growth medium did not
influence the rate and extent of bone formation. or the ahun-
danee and morphological appearance of hematopoietic tissue,
M35F= of both transgenic mice and nontransgenic C5TBL/E
mice were capable of bone farmation in both beige and scid
immunodeficient recipient mice,

Bone formation was not observed in any control experi-
ment that consisted of vehicles without cells. After several
weeks in vivo, eontrol transplants showed areas of sofl con-
nective tissue ingrowth, vehicle resorption, and conneetive
tissue encapsulation. Abundant growth of fibrous tissue with
no bone formation was observed in gelatin transplants of
mouse spleen fibroblasts at 4-10 weeks. When mouse MSFs
were transplanted into allogenic immunocompetent recipi-
ents, osteogenesis was not observed (data not shown ).
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Ficure 3. Bone formation by mouse M3Fs transplanted within 3
collagen matrix (Al and a polyvinyl sponge (B, Transplants were
harvested at 4 weaks New bone consisted of a cortical-like capsul:
Ci aurrounding hematopoietic tissue (hph and fat cellz () (A and B:
hematoxvlin and eosin, = 165).

Human MSF transplants. Between 1.5<10° and 1.6=10
human MSFs were transplanted within gelatin sponges. Af-
ter 4 to 11 weeks, many trangplants had been rezorbed, aml
the majority of the remaining transplants contained fibrow:
tissue. However, hone was formed in a few transplants by
human MSFs that had been cultured in the presence of Dex
and AscPiTable 31. In those gelatin transplants that did form
bone, a single trabecula of woven bone with no signz of
remodeling was observed. The bone ossicle contained embed-
ded osteocytes and was surrounded by a noncontinuous os-
teoblastic layer, but had no cavity and no hematopoietic
tissue (Fig, 54

Human MSFz within HATCP-containing vehicles formesl
bone regardless of whether the cells had been caltured in the
pregence or absence of Dex and AscP (Table 3). In HATCP
blocks eontaining human MSFs, bone was formed in all b
one transplant { Table 3). At early stages (4—5 weeks), bom
was found in several peripheral pores deposited against the
walls of the vehicle, with an osteohlastic laver lining the
luminal surface and osteocytes embedded within lacunae
IFig. 5B After 6 to 10 weeks, the transplants showed arcas
of vehicle resorption, and the new bone acquired a more
lamellar-like structure. Bone foci were larger and tended to
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FlGUre 4. Bone formation by mouse MS3Fs transplanted within an
HATCP block. The tranaplant wag harvested at 5 weeka, Woven
baone wags deposited within the vehicle (V1. Osteoblasts (large arrow-
headal line the lumen surface and osteacytes (amall arrowheads! are
embedded within the bone matrix (hematoxylin and eosin, =165

merge, forming an incomplete capsule near the transplant
surface,

Osteogenesis was observed in both HATCP powder and
HATCP powder-bovine collagen strips (Table 3) and was
more extensive than in HATCP blocks. By 4 to 6 weeks,
numerous bone trabeculae with embedded ostecevtes and
prominent osteoblastic layers surrounded the vehicle parti-
cles. The new bone formed networks of interconnecting tra-
becular structures, with the intratrabecular space filled with
fibrous tissue (Fig, 6A) After 8 to 10 weeks, the transplants
contained an extensive network of bone (Fig. 6B). Degenera-
tion was not detected in transplants of at least 19 weeks,

No bone formation was observed in transplants of human
foreskin fibroblasts in either HATCP powder or HATCP
powder-bovine collagen strips. In these control transplants
fixed at 3-8 weeks. only fibrous tizsue was ohserved. An
additional control consisting of transplants of empty HATCP
powder and HATCP-bovine collagen strip vehicles also
showed only fibrous tissue growth (data not shown),

In many transplants of human MSFs in HATCP-contain-
ing wvehicles, areas of hematopoetic tissue were ohserved.
The extent of the hematopoietic tissue was usually depen-
dent on the degree of bone formation. The hematopoietic cells
were always closely associated with newly formed bone.
These cellz eonsisted of predominantly mature granulocyvtes,
although some hematopoietic precursors may have been
present (Fig. 7). The architecture of the ceramic vehicles
precluded recovery of sufficient hematopoietic cell numbers
to further characterize them,

As deseribed above, in transplants using gelatin, human
MSFs cultured in the presence of Dex and AscP infrequently
formed bone, whereas human MSFs cultured without those
supplements never formed hone | Table 31, Part of thiz differ-
ence may be due to stimulation of M3F proliferation by Dex
and AzcP. To further study the effect of Dex and AseP treat-
ment of MSFs, the rate of proliferation of cells plated at low
density in the presence or ahsence of Dex and AscP was
studied in vikro. At low initial density plating, human MSFs
grew as diserete colonies, with only a few macrophages ap-
parent throwghout the cultures. The combined action of Dex

KREBSEACH ET AL

Ficrre 5. Bone formation by human MSF=, (A) The MSF: were
cultured in the presence of Dex and AscP. After 5 weeks, new bone
formed by human MSFe transplanted within gelatin sponges con-
sisted of a single trabecula (be surrounded by fbrous tissue 1 with
no MArTOW Space. IB) Human MSF=s 1r:’|11>.;;-|:=|r|li_h;_:| within HATCP
blocks formed bone within the vehicle pores (V) at 4 weeka. The large
arrowheads designate osteshlasta. The small arrowheads designate
osteeevtes (hematoxylin and esin, = 165}

and AscP did not change human MSF colony-forming offi-
ciency (total number of colonies formed per 10° cells), How-
ever, the total cell number at the end of the culture period
was elevated in the prezence of Dex and AscP. which indi-
cates an increase in the number of MSFz per colony (Fig. 81
This increase was statistically significant not only in total
cultures {adherent and nonadherent cells), but alzo 1nadher-
ent cultures (nonadherent cells removed after 2.5 hrl, indi-
cating a direct effect on M3Fs rather that an effect mediated
by the nonadherent population.

Human MS5Fz did not form bone when transplanted with
human DBM. The transplants tvpicallv consisted of nonvital
DBM particles surrounded by fibrous tissue. Likewise, only
fibrous tissue was observed in transplants of MSFs within
polyvinyl sponges and polyli-lactic acid) vehicles {Table 3.
The rezults of the human MSF transplantation studies re-
vealed no obvious difference based on numbers of MSFs
transplanted per wehicle, on strain of immunodeficient
mouse recipients (beige, scid, or beigefscid mice). or on
whether fresh or previously frozen MSF: were used. The
soUrce I:Fr i'H'I'I'IE‘- marrow ‘:zlu'l'g'rml R]:H"'I:"imﬂﬂ VIEFSUS mMarrow
aspirate, donor age, and sex) had no obvious influence on
bone formation (Tahle 41



Fiorae 6. Bone formation by human MSFs transplanted within HA
TCP powder. (Al The transplant was harvested at 5 weeks, New bone

b formed around the vehicle partieles (V) and surrounded an area of

fibroes tizeue (i) (B Transplant of human M5Fs in HATCP powder
and gelatin sponge harvested at 8 weeks, Bone formed networks of
interconnecting trabecular-like structures (b with the intratrabecu-
lar spaces filled with fibrous tissue and partially resorbed vehicle
matrix. The large arrowheads designate osteoblasts. The small ar-
rowheads designate ssteocytes hematoxylin and eosin, = 1651

The major goals of this study were to determine whether
cultured MSFs could form bone within an open model system
in viva, to compare mouse and human models, and to test a
range of different vehicle constructs. Because of the diverse
range of implant materials compared in this study, the accu-
rate guantitation of the bone tissue formed and the influence
of donor age and marrow localization was not complete.

DISCUSSION

When bone marrow iz transplanted into diffusion cham-
hers, the transplanted cells are the only source of new bone
(1.3, 4.8, However, when bone marrow is transplanted in an
open svstem, the origin (recipient or donort of the cells that
make new bone needs to be established. Transplants of quail
marrow into nude mice showed a biphasic switch in the
origin of new bone cells. After 3 to 4 weeks in vivo, osteocytes
were of donor origin, but were identified using a specific
nuclear marker to be of host origin at 8-12 weeks (425,
However, studiez using chromozomal markers, mouse strain-
specific antiserum. speciez-zpecific antibodies, and reverse
tranzplantation have shown that in heterotopic transplants
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FisUre 7. Bone formation by human M3Fs transplanted within HAS
TP powder. The transplant was harvested at 8 weeks. New bone (b}
surrounds a cavity with hematopoietic tissue thpl and fat cells (f,
The large arrowheads designate osteoblasts, The small arrowheads
designate ostencytes (hematoxylin and eosin, < 165),

B wda

[ ] Number of MEF colonies

W MSF cell number (1105

0 = N @ & 0 B N @ W

n -
(Dex + AscP) & - + - + = - =

Adherent culttures . Total cultures .

Fuivre 8, Effects of Dex and AzcP on human MSF colonv-forming
efficiency and total MSF eell numbers in primary low-density mars
rovw eell eultures. After 12 days, one hall of the flacks were fixed and
the number of MSF colomes was counted. After 14 days, MSFs from
the remaining Nasks were harvezted and the cell number was deter-
mined. Values represent the mean = SEM for three Nasks, Shaded
bars represent the number of MSF colonies. Solid bars represent
MEF cell number, *P=<0.001; **P<0.01,

of rodent marrow cells, hematopoietic eells and macrophages
originate from the recipient, whereas bone-forming cells are
exclusively of donor origin, up to at least 40 weeks after
tranzplantation (7, 1.3, 43, 44). [n addition, transplantation of
male mouse bone marrow to female mouze recipients, fol-
lowed by retransplantation of the heterotopic bone marrow
organ contents to female mice preimmunized against male
antigens, haz shown that no bone precursor cellz of recipient
origin appear in heterotopic transplants for at least 2.5-3
morths in the primary recipient (43),

A previous study using human-specific antibodies showed
the donor origin of bone in transplants of human MSFs (340
Char results using immunohistochemical localization with an-
tibodies against human osteonectin also show that the new
hone tizsue in 8-week-old transplants of human MSFs 14
formed by the implanted human cellz rather than by cells of
the recipient mouse. Our data uzing the transgenic marker
genes (ColCAT3.6 and ColCATZ.3) as markers for osteogen-
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TABLE 4. Comparison of osteogenesis by human MSFs from surgical specimens and aspirates®
Transplantation vehicle Source of human MSFs
Surgical specimens Aspirates
Primary vehicle Secondary vehicle
Males Females Males Females

Gelatin 1/9 2/22 2/27
Polyvinyl sponge 0/3
Poly(L-lactic acid) 0/4
DBM 0/3
DBM Gelatin 0/5 0/12
DBM Fibrin clot 0/3 0/12
HA/TCP block 3/3 5/6 8/8
HA/TCP powder 4/4 8/8 3/3 8/10
HA/TCP powder Gelatin 2/6
HA/TCP powder Fibrin clot 8/8 2/2 2/2
HA/TCP powder Collagen gel 0/2 0/4
HA/TCP powder-bovine collagen strip 4/4 8/8 3/3 15/18

“ Values represent the number of transplants with new bone formation per total number of transplants. MSFs were obtained from normal
bone fragments of 10 patients undergoing corrective surgery (two bovs and eight girls; mean age: 8.5 years) and from bone marrow aspirates
of 13 normal volunteers (seven men and six women; mean age: 38.7 years).

esis confirm the donor origin of new bone in mouse MSF
heterotopic transplants. The donor origin of new bone in MSF
heterotopic transplants is further supported by the absence
of osteogenesis in the transplants of empty vehicles (or of
those transplanted with mouse spleen fibroblasts and human
foreskin fibroblasts) and in the transplants of mouse MSF's
into allogeneic immunocompetent recipient mice. Taken to-
gether, these data suggest that in MSF transplants, new
bone tissue sustains its donor origin and does not undergo
substitution by bone tissue of recipient origin.

Since the adherent marrow cell culture represents a het-
erogeneous population of cells, a potential source of ambigu-
ity is the exact nature of the cells responsible for new bone
formation. The adherent population in mouse marrow cell
cultures may include MSFs, fat cells, macrophages, endothe-
lial cells, and some persistent hematopoietic progenitor cells
(14, 17,18, 45). In human marrow cell cultures, the adherent
population is more homogenous, consisting of MSFs with
only a small percentage of macrophages, which decreases
during progressive passages (25, 45, 46). In the present
study, initial characterization was performed on the adher-
ent marrow cells before transplantation. Passaged human
cells were composed of a nearly pure MSF population. Pas-
saged mouse cells contained a substantial portion of macro-
phages and endothelial cells in addition to MSFs, but the
percentage of these cells decreased with consecutive pas-
sages. It cannot be completely ruled out that in transplants of
mouse cells, cell types other than MSFs contributed to the
formation of new bone. However, the osteogenic capacity of
these cells was not altered after several passages and was
impaired only at the point when MSFs lost their proliferative
ability. In addition, individual MSF colonies and single colo-
ny-derived strains of mouse, guinea pig, and rabbit origin
have been shown to form bone upon transplantation in vivo
(15,20, 22, 24). Thus, these data suggest that in transplants
of adherent marrow cells, MSF's are the cells most likely to
form new bone.

Our results show that osteogenesis by MSF's can be influ-
enced by the composition of the transplantation vehicle.
Mouse MSF's formed bone within all vehicles that we tested.
In contrast, consistent bone formation by human MSFs was

achieved only within HA/TCP blocks, HA/TCP powder, and
HA/TCP powder-bovine collagen strips. HA/TCP powder, HA/
TCP powder-bovine collagen strips, and HA/TCP powder
held together with fibrin were easier to load and supported
more extensive osteogenesis than HA/TCP blocks and thus
may be more applicable for therapeutic use. When gelatin
was used as the primary vehicle, only a small number of
human MSF transplants developed bone. No bone formation
was observed with the polyvinyl sponge, poly(L-lactic acid),
and human DBM vehicles. Thus, hydroxyapatite and/or tri-
calcium phosphate support the ability of human MSFs to
form bone in vivo. MSF's expanded in vitro may already be
committed to osteogenic differentiation, and the underlying
mechanism may be “permissive” rather than “inductive.”

A number of variables had no effect on bone formation in
the transplants of mouse and human MSFs. In mouse, nei-
ther the marrow origin (C57BL/6 versus noninbred mice), the
presence of Dex and AscP in culture medium, the number of
in vitro passages before transplantation, the number of
MSFs loaded per vehicle, the nature of transplantation vehi-
cle, nor the phenotype of the immunodeficient recipient mice
had any influence on bone formation. The factors that did not
influence osteogenesis by human MSFs included marrow or-
igin (age and sex of donor, skeletal location of excised bone,
and method of marrow preparation), number of in vitro pas-
sages before transplantation, freezing of MSFs, number of
MSFs loaded per vehicle, and phenotype of the immunodefi-
cient recipient mice. In a previous study, bone was formed
only when more than 30,000 rat MSF's were transplanted per
vehicle (27 mm?) (47). In our study, MSF cell number per a
unit vehicle volume exceeded this value. Since our goal was
to determine whether a vehicle supported bone formation, we
did not titrate the number of MSFs needed per unit vehicle
volume. The observation that the number of in vitro passages
was not a critical factor suggests that a sufficient number of
MSFs maintain their osteogenic and proliferative properties
throughout the in vitro culture period examined.

Culture in the presence of Dex and AscP did not influence
osteogenesis by mouse MSFs or by human MSFs trans-
planted within HA/TCP-containing vehicles. However, if hu-
man MSFs were transplanted within gelatin sponges, they
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formed bone only after culture in the presence of Dex and
AscP. These results are consistent with the results of Gundle
and co-workers (31), who showed that human MSFs formed
bone after cultivation with and without Dex and AscP in
HA/TCP-containing transplants. In contrast, human MSF
transplants within diffusion chambers formed bone only
when cultured with Dex and AscP (31). Taken together, both
findings imply that cultivation of MSFs with Dex and AscP is
required for osteogenesis in “nonsupportive” vehicles, but is
not essential for osteogenesis in “supportive” (HA/TCP) vehi-
cles.

Previously, Dex and ascorbate have been shown to stimu-
late osteogenic differentiation of MSF's in vitro (6, 48-54). In
the present study, the combined action of Dex and AscP
stimulated the rate of in vitro proliferation of human MSF's
without increasing colony numbers (Fig. 8). This stimulation
does not require the presence of hematopoietic cells and
likely occurs by direct action on MSFs. It is not clear, there-
fore, whether the positive effect of Dex and AscP on bone
formation by human MSF's in nonsupportive vehicles in vivo
is caused by in vitro stimulation of proliferation, osteogenic
differentiation, or both. Interestingly, proliferation of rat
MSFs was decreased by 107® M Dex (53), which indicates
that the effect of Dex may be species specific.

The relationship between bone formation and hematopoi-
esis is well established. However, osteogenesis without the
generation of a hematopoietic microenvironment has been
described (20, 55). These studies suggest that bone without
hematopoiesis is formed by stromal precursor cells that have
lost their multipotentiality and are committed only to osteo-
genic differentiation. Our results suggest that the relation-
ship between osteogenesis and a hematopoietic microenvi-
ronment may be more complex. The same populations of
human MSFs formed bone with or without accompanying
hematopoietic tissue depending on the transplantation con-
ditions.

These studies have begun to characterize the in vitro ma-
nipulations required to generate viable bone using autolo-
gous MSFs, as well as to further define acceptable carrier
vehicles. The ability to proliferate in vitro and to differentiate
in vivo to produce self-maintained bone that supports hema-
topoiesis makes MSF's promising candidates for bone regen-
erative cell therapy. In addition, osteogenesis by human
MSFs will provide a viable in vivo model for human bone
metabolism. Thus, this model system will be useful in ma-
nipulating conditions affecting bone homeostasis in an in
vivo environment that cannot be otherwise created in hu-
mans.
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